Abstract -The objective of this paper is twofold: (i) to show how Multislice Computed Tomography (MSCT) data sets bring the information required for Cardiac Resynchronisation Therapy (CRT) planning; (ii) to demonstrate the feasibility of 3-D navigation into the veins where Left Ventricular leads have to be placed. The former has been achieved by exploring and labelling the cardiac structures of concern, the latter has been performed by using the concept of virtual navigation with high resolution surface detection and estimation algorithms.
MSCT Labelling for Pre-Operative Planning in Cardiac Resynchronization

Therapy
Introduction
Cardiac Resynchronization Therapy (CRT) is aimed at the restoration of the contractile coordination in hearts with severe heart failure (HF), sinus rhythm and ventricular conduction delay. It is performed by stimulating both the right and the left ventricles, pacing them simultaneously or with a small delay. Several clinical trials have shown that this technique is beneficial for acute as well as chronic disorders, improving the heart's performance, the capacity of the patient for exercise and reducing the mortality from heart failure [1] [2] [3] . However, these studies point out that the main issue remains to identify and assess the most effective pacing sites in order to reduce the percentage of non-responding patients which may reach up to 25 to 30% of recipients. They have shown that LV-lead positioning (either LV-only pacing or biventricular pacing) is without contest the most challenging one to implant.
Advances in instrumentation, implantation techniques and selection of appropriate candidates have to be achieved to increase the success rate of CRT. They can make use of tissue Doppler, MR tagged imaging or Multislice CT scanner (MSCT). The latter is the only imaging modality that brings a full 4-D morphological and functional insight into the heart.
The availability of catheter-based 3D non fluoroscopic contact (Carto, Biosense) and noncontact mapping (Ensite 3000, Endocardial Solutions, Inc) techniques allows in vivo assessment of the activation sequence with a relatively high spatial resolution [4] [5] [6] . Recent technological breakthroughs of implantable devices have been achieved: they concern biventricular pacing (or CRT), cardioverter-defibrillator (ICD, Implantable Cardioverter Defibrillator) or joint device (CRT-ICD). These systems have several advanced functionalities including electrical potential sensing, electrical pulse stimulation, reprogramming through bidirectional wireless communication, event recording, etc. Major efforts were carried out for miniaturization, energy consuming reduction and therefore higher autonomy, robustness to environmental perturbations.
Improvements can also be expected from minimally invasive computer assisted implantation which has been recently proposed [7] , based on a direct left ventricular epicardial approach. However the consequence of chest insuflation and single-lung ventilation which are used must be evaluated to a larger scale.
The conjunction of electrical data, morphological and mechanical behaviour is very likely a source of additional progress: insights into electromechanical coupling should improve the understanding of regional and global abnormalities.
The implantation of such pacing device is image-guided (X-ray angiography) and this is the target of this work: is it possible, based on MSCT, to better plan this procedure? This paper is addressing a part of the problem, the pre-operative phase of the whole procedure. It deals with:
-the labelling of the venous structures of the heart into which the lead implantation may take place -the virtual 3-D navigation inside these vessels in order to define the possible paths that can be followed.
Section 2 brings more clues on the CRT. The approach that has been followed is described section 3. Some illustrations of heart labelling are provided section 4 and samples of virtual images issued from a navigation into the veins are given section 5. They are discussed in section 6 before concluding with some remarks and prospects.
Problem statement
In 1998, Daubert et al [8] , from the Hospital of Rennes, proposed a way to overcome this problem by using a transvenous technique, permitting to stimulate the left ventricle on a long-term basis. The procedure consists in positioning epicardial leads in the right atrium and right ventricle, the left ventricle being paced via a lead passed through the coronary sinus to an epicardial vein on the free wall of the left ventricle (Fig. 1 ).
This technique, applied today worldwide for biventricular pacing, has however some limitations [9, 10] :
• The implant success rate is around 85% to 92% 1 , mainly due to:
o Incorrect pacing site or electrode displacements (5-7%)
o The impossibility to access the target vein o The dissection of the coronary sinus (3%)
o The difficulty to attain an optimal pacing site.
• a typical implant procedure for a biventricular pacemaker can be lengthy ( about 1.5 to 3 hours) with, in average, 0.5 hours of X-ray,
The main objective is thus to assist health professionals in improving and securing the implant techniques. From a clinical standpoint, it will rely on the study of the patient's coronary anatomy to define the target veins, to confirm their accessibility and to minimize the 1 Implant success rate of 92% in MUSTIC [11] and 93% in MIRACLE [12] .
implant time. Pre-operative assistance, as defined in Computer Assisted Therapy [13] and in Virtual Navigation [14] , will consist here to:
• Study the anatomy of the patient's coronary venous tree so as to define the optimal access path for the pacing leads.
• Define which catheter and guide type should be used (with different diameters and curvatures, for example).
• Better define the optimal pacing site, based on the anatomo-functional information and on the electro-mechanical models of the cardiac activity.
Up to now, there was no image-based planning of the implant procedure because no imaging source was capable to provide a full, 3-D, time image sequence access to the heart.
CRT is still directly performed by using 2-D venous X-ray coronarography which leads to a partial and limited access to 3-D anatomy.
The availability of MSCT is dramatically changing this situation: this 4-D functional imaging CT Scanners can be used to obtain the basic structural and functional features required to achieve an optimal CRT planning.
The LV can be paced transvenously through a subclavian vein, going successively via the cava vein, the right atrium, the coronary sinus and the great vein. The target location is a lateral or posterolateral vein. If lateral vein catheterization failed or in the case of poor pacing threshold, the LV lead is inserted into the great cardiac vein to pace the anterobasal wall or into the mid cardiac vein to pace the inferoapical region (see appendix for more details).
Specifically designed coronary sinus leads are used. The injection of contrast medium allows viewing the venous tree to be explored but it remains difficult to visually analyse due to the backward blood flow.
Method
The MSCT data provide detailed and effective insights into the structures of the heart but also new means to track and characterize its hemodynamic behaviour over time. This advantage has a challenging counterpart: the high complexity of the scene to be analysed both visually by the physician, and quantitatively through image processing techniques. This is not true, of course, for the study of the main components (cavities, major vessels, etc.) but it becomes critical for the complex-shaped objects, with reduced size and low contrast.
Basically, the same difficulties encountered for all slice-based descriptions are found
here. This presentation mode requires a 3-D mental reconstitution of the 3-D shapes from the 2-D planes. They have motivated the development of 3-D segmentation, rendering and manipulation techniques for more than 30 years (refer to [15] for recent surveys). However, in many clinical applications, there is a low number of structures of interest with contrast characteristics such that simple and global solutions (thresholding) can be used for their rough discrimination. They do not lead to any labelling of the objects but they provide a way for the radiologist to view, locate, and identify the anatomical structures.
In general, a learning curve is required for the physicians to read the volume data. A similar situation has to be dealt with for the coronary venous tree. The volume sets must be explored many times before being capable to name the structures. It is this motivation that brings us to anatomically label MSCT data sets. The procedure that has been worked out consists in selecting spatial sequences among 8 angio-scanners at our disposal (with minimal motion artefacts). The data were acquired on a Siemens Somatom volume zoom 4 detectors.
Identical protocols were used with the following acquisition parameters: collimation of 0.6 mm, table displacement of 1.5 mm/rotation, reconstruction increment of 0.6 mm, size of the matrix 512x512 with about 200 slices and a pixel size from 0.33x0.33 to 0.4x0.4 mm. The resolution is 12 bits and the slice thickness of 1.25 mm. Labelling has been independently performed by a radiologist and an interventional cardiologist followed by a consensus decision. One labelled data set will be briefly commented throughout this paper 2 .
A labelled example
The 2-D slices, together with the labels of coronary veins, are displayed in figure 2 . A subset of slices (over 193) has been selected interactively in order to depict the most relevant veins of concern. The traversal of the heart is done from top to bottom (but it should be 
Samples of virtual navigation through left coronary veins
Pre-operative planning can make use of virtual endoscopy techniques in order to define the candidate paths to reach the most appropriate sites for electrical recoding and stimulation of the left ventricle. The basics of interactive and active navigation methods have been reported already in several papers [16] [17] [18] . In addition, local measures (lengths, diameters, angles) can be carried out as shown in [19] . These techniques are of major interest for pre-operative CRT because several difficulties may arise during the intervention among which:
-the insertion of the cannula into the coronary sinus: X-ray image guiding is often carried out by touching and the internal guide must be sometimes reshaped or changed.
-the access to veins with an adverse angle onto a junction is still a problem and prior simulation can reduce the number of trials and, accordingly, the risk afferent to them (damage to vein walls).
-in order to decide if the instruments can go through or not, diameter measures are required.
-the selection of the optimal veins and sites for lead placement.
The implantation of the right leads do not represent the same difficulties in terms of access.
The detection of walls during navigation is performed in 3 steps [20] : (1) a standard ray casting is launched from the observer position through the image screen coupled with a rough detection algorithm; (2) when an object is detected, an interpolation around the corresponding voxel is worked out in order to get a higher local sampling of the volume; (3) a refined detection step is then applied which allows to get a better estimation of the surface position and orientation (required to have a good shading for 3-D rendering).
It is not possible of course to render in a paper the full navigation sequence performed on the computer. Fig. 3 shows some image samples computed during traveling into the heart and the venous tree. They provide the path to the major structures (right atrium, coronary sinus, great vein, posterolateral and lateral veins), their positions and shapes that the interventional cardiologist need to know. The detection threshold was set to 60 HU. The refined detection has been performed using a three-linear operator with 1/5 resolution. It can be easily seen that the cavity and the vein walls are clearly depicted even when small structures are explored.
Discussion
The previous results show that 3-D navigation into the labelled heart cavities and veins is feasible by using MSCT data volume. It is, to our knowledge, the first attempt to explore the possible paths prior to Cardiac Resynchronization Therapy. It must be emphasized that this method provides at the same time segmentation means for small, low contrasted structures despite the blurring effects caused by motion during the reconstruction. The segmentation tools developed previously for cardiac arterial trees [21] , based on 3-D moment and level sets has been qualitatively compared to the present algorithm. They provide simultaneously the centerlines, the borders and the diameters of the vessels. However, if the quantitative features they provide are very close to those estimated here, the time computation obtained through 3-D navigation is more compatible with the interactive exploration requirements (about 0.5 second for each image to render using a PC with a 2-GHz CPU and
1-GB memory).
The scheme presented in this paper is only one step toward pre-operative assistance.
Its interest is to provide new resources to the physician when preparing a CRT. A full support may include more simulation functionalities. In clinical setting, for instance, the physician is moving the probe backward and forward, rotating, twisting and bending it, all gestures that can be facilitated with pre-operative assistance. It may sometimes happen in practice that the introduction of the probe in the coronary sinus fails: such situation can be integrated in the simulation and consequently anticipated. A recent study performed on 20 men and women [24] shows that the radiation dose level was about 11 mSv in MSCT, compared to 2 mSv in conventional cardiac X-ray angiography. This difference is clearly a limiting factor but the technological improvements that can be expected in the future will reduce this exposure.
Moreover, it can be anticipated that the pre-operative planning of CRT procedure will lead to a decrease in radiation dose during the interventions.
Another objective could be the construction of a quantitative, fully 3-D atlas of the heart, as it has been done for the brain. This atlas should include the inter-individual deviations (structural, morphological) with statistical values as well as diseases. A virtual representation, computer-based, of an average patient (and exceptions) could be then defined and have a great interest in training.
The future of such project will rely on generic methods for data collection and decision making, advanced image processing tools, sophisticated multimodal models (e.g mechanical, electrical, etc.), particularly to:
• acquire and represent the specific physiological knowledge necessary to choose the most appropriate CRT for a given patient.
• define new methods for automatic navigation on 3D volumes in a dynamic environment, so as to define an access path to the optimal pacing site and propose an electrophysiological exploration protocol.
• model the pacemaker behaviour and to couple it with the cardiac model.
• propose a way to assist operator-based navigation by coupling pre-and intraoperative images (or volumes).
• model the pacemaker behaviour and to couple it with the cardiac model so as to simulate the hemodynamic benefit of biventricular pacing, with respect to the pacing site and to propose patient-specific solutions.
Summary
It has been shown throughout this paper that MSCT data sets offer a major contribution for preparing interventions dealing with Cardiac Resynchronization Therapy. They provide in depth insights into the main structures as well as the critical veins of concern. The complexity of the scene, due to the many entities that it contains, the complicated shapes and the inter- Fig.3 . Virtual fly-through the heart venous structures. The sequence is composed of images selected at four different locations (a: inside the right atrium, close to the coronary sinus, b:at the coronary sinus entrance, c:inside the great vein, and d: inside the lateral vein). For each location, the left part shows the virtual navigation view and the right part shows an arrow representing the pose of the virtual endoscope in the volume image and superimposed on three orthogonal MSCT slices. The location of the MSCT slices corresponds to the origin of the arrow, whereas the viewing axis of the virtual endoscope is represented by the orientation of the arrow.
